Objective: Odontoblasts are thought to be involved in innate immunity but their precise role in this process is not fully understood. Here, we assess effects of lipopolysaccharide (LPS) and lipoteichoic acid (LTA), produced by Gram-negative and Gram-positive bacteria, respectively, on matrix metalloproteinase-8 (MMP-8), interleukin-6 (IL-6) and cathelin-related antimicrobial peptide (CRAMP) expression in odontoblast-like MDPC-23 cells. Material and methods: Gene activity and protein production was determined by quantitative real-time RT-PCR and ELISA, respectively. Cellular expression of CRAMP was determined by immunocytochemistry. Results: Stimulation with LTA (5 and 25 mg/ml) but not LPS (1 and 5 mg/ml) for 24 h enhanced IL-6 mRNA expression. The LTA-induced up-regulation of IL-6 mRNA levels was associated with increased IL-6 protein levels. Stimulation with either LPS or LTA for 24 h lacked effect on both MMP-8 transcript and protein expression. Immunocytochemistry disclosed that MDPC-23 cells expressed immunoreactivity for CRAMP. MDPC-23 cells showed mRNA expression for CRAMP, but stimulation with either LPS or LTA did not modulate CRAMP transcript expression. Conclusions: We show that MDPC-23 cells possess immune-like cell properties such as LTA-induced IL-6 production and expression of the antimicrobial peptide CRAMP, suggesting that odontoblasts may modulate innate immunity via these mechanisms.
Introduction
Dental caries is the most prevalent non-communicable disease in the world, affecting billions of people around the world and leading to a poorer quality of life [1] . Untreated, the carious lesions will progress into dentine, thus affecting the dental pulp. Odontoblasts are lining the outer layer of the pulp cavity forming the interface between pulp tissue and dentine. They produce type I collagen-rich predentin, and are thought to be involved in the reparative process of dentine [2] . Odontoblasts are exposed to oral bacteria and bacterial products when these have access to the dentine, suggesting that the odontoblasts also take part in the first line of defence against bacteria. Human odontoblast-like cells have been shown to express Toll-like receptors (TLRs), and, furthermore, they seem to respond to stimulation with the Gram-positive bacterial cell wall constituent lipoteichoic acid (LTA) by increased chemokine expression and reduced dentine formation [3] . Moreover, mature human odontoblasts are reported to express virus-recognizing TLRs [4] . Thus, odontoblasts seem to play a role in the innate immune system through these mechanisms but their precise role is not well understood. In inflammation, chemokines enhance recruitment of white blood cells to the inflamed area, whereas the pleiotropic pro-inflammatory cytokine interleukin-6 (IL-6) contributes to synthesis of acute phase proteins by hepatocytes, formation of neutrophils by the bone marrow and growth of B cells [5] . Interestingly, IL-6 is thought to play an important role in the pathogenesis of periodontitis, and it is also supposed to be associated with vascular leakage and oedema formation in the inflamed pulp tissue [6] [7] [8] . The human antimicrobial peptide LL-37 and its mouse ortholog CRAMP (cathelin-related antimicrobial peptide) exert antibacterial activity and protect against invading bacteria mainly through permeabilization of the bacterial cell wall and subsequent cell lysis [9] [10] [11] [12] . LL-37 shows high expression in neutrophils but also in epithelial cells such as keratinocytes [13] . LL-37 has been detected in human saliva, and interestingly, neutrophils in human salivary glands show high expression of LL-37 [14] [15] [16] [17] [18] . Odontoblasts may fulfil an important role in the first line of defence against bacterial invasion. Hence, it is of great importance to assess if odontoblasts can play a role in innate immunity by expression and production of pro-inflammatory IL-6 and the antimicrobial peptide CRAMP/LL-37.
Human odontoblasts have been shown to express the collagen cleaving endopeptidase matrix metalloproteinase-8 (MMP-8), also named human neutrophil collagenase [19] , but no results assessing the impact of bacterial endotoxins on odontoblast MMP-8 expression have been presented. It has also been demonstrated that subjects with manifest caries lesions have significantly elevated levels of MMP-8 in the saliva compared to caries-free subjects [20] . Indeed, MMP-8 has been suggested to play a role in the pathogenesis of caries [21] . Whether MMP-8 expression is an active process as a response to external stimulation by bacterial products, or if it is secreted into the predentin and then sequestered as the tissue is demineralized is currently not clear.
The spontaneously immortalized MDPC-23 odontoblastlike cell line obtained from mouse pulp tissue has been widely used as a model to investigate regulation of morphological and functional properties of odontoblasts [22] . The MDPC-23 cells are epithelioid in shape, show expression of dentine-specific proteins and have high alkaline phosphatase activity [22] . Thus, MDPC-23 cells display both structural and functional properties similar to those of primary human odontoblasts. Here, we assess effects of the bacterial endotoxin lipopolysaccharide (LPS) from Gram-negative bacteria and LTA from Gram-positive bacteria on MDPC-23 cell MMP-8, IL-6 and CRAMP expression. We demonstrate, on both mRNA and protein level, that LTA, but not LPS, enhances IL-6 production, suggesting that odontoblasts, via this mechanism, contribute to the inflammation-process observed in the pulp-tissue in response to stimulation with LTA from Grampositive bacteria. Furthermore, we show that MDPC-23 cells express CRAMP, indicating that odontoblasts are equipped with a protective system against bacteria.
Materials and methods

Culture of odontoblast-like MDPC-23 cells
The MDPC-23 cells were kindly provided by Dr. Jacques E. N€ or, University of Michigan, Ann Arbour. Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM)/Ham's F12 (1:1) (Biochrom GmbH, Berlin, Germany) with stable glutamine and supplemented with antibiotics (penicillin 50 U/ml and streptomycin 50 mg/ml, Biochrom GmbH) and 10% foetal bovine serum (Biochrom GmbH). The cells were cultured at 37 C in a cell/tissue incubator (SANYO MCO-18AIC, Osaka, Japan) and trypsinized (0.25% trypsin/EDTA) and re-seeded when cells reached confluence. Cells were counted using the Luna TM Automated Cell Counter (Logos Biosystem, Annandale, VA, USA) and re-seeded at a density of 60,000 cells/ml. Cell morphology was assessed using an Olympus CKX41 microscope (Olympus Europa, Hamburg, Germany). Culture medium was exchanged every second day to new and fresh medium. Cells were used for experiments in passages 2 to 20, and they showed identical morphology and functional characteristics independent of passage number. Before experiments, the old culture medium was removed and instead fresh and pre-warmed medium was included. LPS (Escherichia coli 0111:B4) and LTA (Bacillus subtilis) were purchased from Sigma-Aldrich (St Louis, MO, USA) and dissolved in PBS. We used 1 and 5 mg/ml of LPS and 5 and 25 mg/ml of LTA throughout the experiments. These concentrations of Escherichia coli LPS and Bacillus subtilis LTA are in a range where they cause profound stimulation of cytokine and chemokine production in human periodontal ligament cells and human odontoblasts, respectively [3, 23] . Controls received PBS as vehicle as appropriate.
Measurement of gene activity by quantitative real-time RT-PCR
Total RNA was extracted using a miRNeasy kit (Qiagen, Venlo, The Netherlands) according to manufacturer's instructions. RNA concentration and quality was determined using the NanoDrop 2000 C spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Target mRNA expression was assessed using a Step One Plus real-time thermal cycler (Applied Biosystems, Waltham, MA, USA) and QuantiFast SYBR Green RT-PCR kit (Qiagen) and QuantiTect primer assays (Qiagen). Target gene expression was calculated using the delta CT method with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) included as reference gene [24] . Each sample was analyzed in duplicate. Primers for MMP-8 (Mm_Mmp8_1_SG), IL-6 (Mm_Il6_1_SG), CRAMP (Mm_Camp_1_SG) and GAPDH (Mm_Gapdh_3_SG) were purchased from Qiagen.
Determination of protein production by enzyme-linked immunosorbent assay (ELISA)
Cells were scraped off in ice-cold PBS from the culture wells using cell scrapers (Sarstedt, Newton, NC, USA) and sonicated (2 Â 10 s) on ice. The cell-homogenates were centrifuged (1700 g at 4 C for 5 min) and the supernatants collected. MMP-8 and IL-6 protein production was determined in the cell supernatants using ELISA kits (MMP-8 and IL-6 kits purchased from LifeSpan BioSciences, Seattle, WA, USA and Nordic BioSite, T€ aby, Sweden, respectively). Determination of MMP-8 and IL-6 concentration was performed as recommended by the manufacturers. Each sample was analyzed in duplicate, and the concentrations of MMP-8 and IL-6 normalized to total protein concentration in each sample determined by a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA).
Assessment of CRAMP expression by immunocytochemistry
For immunocytochemistry, MDPC-23 cells were grown on glass coverslips. The cells were washed in PBS, fixed in 4% paraformaldehyde and then permeabilized for 10 min with 0.2% triton X-100. The non-specific binding sites were blocked by incubation with 2% bovine serum albumin before incubation for 2 h with a mouse monoclonal antibody raised against amino acids 6-175 of CRAMP of rat origin and used at a dilution of 1:50 (Santa Cruz Biotechnology, Dallas, TX, USA). After incubation with the primary CRAMP antibody, cells were washed with PBS and then incubated for 1 h with an anti-mouse IgG conjugated with Alexa Fluor 488 (Thermo Fisher Scientific). The coverslips were mounted on glass slides using mounting medium containing the nuclear marker DAPI (Fluoroshield, Sigma Aldrich) The CRAMP immunoreactive signal and DAPI staining were analyzed and depicted using an Olympus BX60 fluorescence microscope (Olympus) coupled to a DP72 digital camera (Olympus). For negative controls, the primary antibody was omitted.
Statistics
Summarised data are presented as means ± S.E.M. Each culture well represents one biological replicate (n ¼ 1), and nvalues are presented in the figure legends. Each type of experiment was repeated at least twice. Statistical significance was calculated by ANOVA followed by Tukey's test for post hoc analysis for multiple comparisons as appropriate (GraphPad Prism5, GraphPad Software, San Diego, CA, USA). p-values <.05 were regarded statistically significant.
Results
LTA enhances pro-inflammatory IL-6 expression in odontoblast-like MDPC-23 cells
In order to characterize the structure of the odontoblast-like MDPC-23 cells used in this project, we examined their morphology using phase-contrast microscopy. Figure 1 depicts sub-confluent cells in passage 8. The cells grew in clusters and showed an epithelioid appearance with columnar cells as reported previously [22, 25] . Cell morphology was not affected by treatment for 24 h with either LPS (1 and 5 mg/ml) or LTA (5 and 25 mg/ml) (data not shown). Next, we determined the effects of LPS on MMP-8 and IL-6 mRNA expression. Stimulation with LPS (1 and 5 mg/ml) for 24 h had no effect on either MMP-8 or IL-6 transcript expression ( Figure 2(A,B) ). Treatment with LTA (5 and 25 mg/ml) for 24 h showed a different transcript expression pattern compared to LPS. Stimulation with LTA (5 and 25 mg/ml) increased IL-6 mRNA by 35 and 80%, respectively (Figure 2(D) ), but had no effect on MMP-8 transcript expression (Figure 2(C) ).
In the next experiments, we analyzed the effects of LPS and LTA on MMP-8 and IL-6 protein production using ELISA in order to confirm the mRNA data. Stimulation with LPS (1 and 5 mg/ml) for 24 h had no effect on either MMP-8 or IL-6 protein concentration in MDPC-23 cell supernatants ( Figure  3(A,B) ). Treatment with LTA (25 mg/ml) for 24 h increased IL-6 protein concentration by 45%, while a lower concentration of LTA (5 mg/ml) tended to enhance IL-6 protein production although this difference did not reach statistical significance (Figure 3(D) ). Treatment with LTA (5 and 25 mg/ml) for 24 h had no effect on MMP-8 protein concentration (Figure 3(C) ). Thus, we demonstrate, on both transcript and protein level, that LTA enhances IL-6 expression in MDPC-23 cells.
MDPC-23 cells express the antimicrobial peptide CRAMP
In order to further assess the role of MDPC-23 cells in innate immunity, we investigated their expression of the antimicrobial peptide CRAMP by immunocytochemistry. CRAMP immunoreactivity was observed in the cytoplasm of all cells (Figure 4(A-C) ). The perinuclear region of the cytoplasm was especially rich in CRAMP immunoreactive signal. Cell nuclei are visualized by the nuclear marker DAPI, and the combined DAPI staining and fluorescence for CRAMP immunoreactivity is shown in the overlay (Figure 4(A,C) ). The nuclei expressed no or very weak immunoreactivity for CRAMP. No CRAMPimmunoreactivity was observed after omission of the primary CRAMP antibody (data not shown).
In the next experiments, we assessed effects of stimulation with LPS (1 and 5 mg/ml) and LTA (5 and 25 mg/ml) for 24 h on CRAMP mRNA expression ( Figure 5(A,B) ). MDPC-23 cells expressed mRNA for CRAMP, but neither LPS nor LTA modulated the CRAMP transcript expression ( Figure 5(A,B) ). We also investigated if a short-term (4 h) stimulation with a high concentration of LPS (5 mg/ml) and LTA (25 mg/ml), respectively, could affect the mRNA expression for CRAMP. Treatment with either 5 mg/ml LPS or 25 mg/ml LTA for 4 h had no effect on CRAMP mRNA expression (100 ± 6% in control cells vs. 114 ± 3% in LPS-stimulated cells and 100 ± 6% in control cells vs. 80 ± 10% in LTA-stimulated cells, n ¼ 4 in each group). Thus, we demonstrate that stimulation with LPS and LTA for both 4 and 24 h has no effect on CRAMP transcript expression.
Discussion
In the present study, we demonstrate, both on mRNA and protein level, that LTA of Gram-positive bacteria, but not LPS from Gram-negative bacteria, triggers production of pro-inflammatory IL-6 in the odontoblast-like cell line MDPC-23. Furthermore, we show that MDPC-23 cells express the antimicrobial peptide CRAMP corresponding to human LL-37.
Thus, our data suggest that MDPC-23 odontoblasts show immune-like cell properties and may modulate innate immunity through these different mechanisms. LTA, but not LPS, has previously been shown to stimulate chemokine expression in in vitro-differentiated human odontoblasts [3] and furthermore promote expression of pro-angiogenic VEGF in MDPC-23 cells [26] , suggesting that Gram-positive bacteria via LTA secretion may stimulate recruitment of white blood cells to the inflamed area of the pulp tissue and moreover enhance formation of blood vessels. Interestingly, CD14 has been reported to be responsible for LPS-evoked signalling in macrophages raising the possibility that MDPC-23 cells lack CD14 expression, explaining why the MDPC-23 cells are not responsive to LPS. This explanation is however not likely, since Botero et al. have convincingly demonstrated that MDPC-23 cells express CD14 [27] . The mechanism behind LTA-induced stimulation of chemokine expression in human odontoblasts probably involves up-regulation of its own TLR2 receptor as reported by Durand et al. [3] . Hence, stimulation with LTA seems to enhance IL-6 cytokine production, as demonstrated in the present study, but also stimulate production of both chemokines and VEGF, indicating that LTA acts pro-inflammatory on odontoblasts through multiple mechanisms. It is widely recognized that MDPC-23 cells show similar structural and functional properties as human odontoblasts [22] , arguing that the data reported in the present study indeed reflect the human in vivo situation.
Besides enhancing chemokine production as shown by Durand et al. [3] , LTA may also modulate other aspects of odontoblast innate immune responses, e.g. by stimulating IL-6 formation as demonstrated in the present study. IL-6 is a pro-inflammatory cytokine affecting the innate immune system in many ways, e.g. by promoting synthesis of acute phase proteins by hepatocytes, enhancing neutrophil formation by bone marrow and stimulating growth of B cells [5] . Previously, Farges et al. [8] have reported that TLR2 agonists such as LTA and Pam2CSK4 enhance production of proinflammatory IL-6 and CXCL8 and anti-inflammatory IL-10 in human odontoblast-like cells, indicating that activation of odontoblast TLR2 induces both pro-and anti-inflammatory responses. Here, we demonstrate that LTA triggers IL-6 production, but neither LPS nor LTA regulates MMP-8 gene activity and protein expression in MDPC-23 cells. Thus, although odontoblasts express MMP-8, previously shown both on the mRNA and the protein levels [19] , the MMP-8 gene activity and protein production does not seem to be regulated by bacterial LPS and LTA. This may indicate that MMP-8 is produced by odontoblasts through a constitutive pathway or that other stimuli are required to up-regulate MMP-8 in odontoblasts. Interestingly, TGF-b1 has been demonstrated to down-regulate MMP-8 expression in human odontoblasts, suggesting that TGF-b1 signalling in fact represents a regulatory mechanism for MMP-8 in these cells [19] . The results also lend support to the theory that MMP-8 is present in the intact dentine matrix and activated as a consequence of the caries process, rather than being produced as a direct response to bacterial challenge [28] . In the present study, we used LTA from Bacillus subtilis and LPS from Escherichia coli. Although the structure of LTA as well as LPS may differ somewhat between different strains of bacteria they show similar structural and functional characteristics independent of their bacterial strain origin [29, 30] , implying that the present data are relevant for oral in vivo conditions.
Here, we show for the first time that odontoblast-like MDPC-23 cells express the important antimicrobial peptide CRAMP. Stimulation with either LPS or LTA had no effect on CRAMP gene activity, suggesting that CRAMP is constitutively produced by MDPC-23 cells. CRAMP and its human ortholog LL-37 are highly expressed by white blood cells and human epithelial cells such as skin keratinocytes [9, 13] . The MDPC-23 cells show epithelioid appearance and columnar cell shape resembling keratinocytes and our data show that they express CRAMP/LL-37. Thus, in this perspective the MDPC-23 cells also share functional characteristics with keratinocytes of the skin. Interestingly, CRAMP expression has been reported in rat odontoblasts during the late bell stage of tooth development, whereas no expression of CRAMP was observed in mature teeth [31] . Moreover, these authors show that odontoblast-like cells in contact with reparative dentine express CRAMP. Taken together, these findings indicate that CRAMP can be associated with dentine formation [31] . Immunoreactivity for human antimicrobial beta-defensins has previously been demonstrated in the cytoplasm of odontoblasts [32] . Hence, it seems that odontoblasts express both CRAMP/LL-37 and defensins, representing the two major groups of antimicrobial peptides in humans, suggesting that odontoblasts indeed play a role in innate immunity through their antimicrobial properties.
In conclusion, we demonstrate that MDPC-23 odontoblast-like cells show immune-like cell properties such as LTAinduced IL-6 production and expression of the antimicrobial peptide CRAMP, suggesting that odontoblasts can modulate the innate immune system via these mechanisms.
